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Abstract
This work is related to fluid-structure interaction analyses for high confined con-
figurations, as in a SFR core.
Sudden liquid or gas evacuation between assemblies could lead to overall core
movements (flowering and compaction) causing variations of core reactivity. The
comprehension of the structure behavior during the evacuation could improve the
knowledge about some SCRAMs for negative reactivity occurred in Phénix reac-
tor and could contribute on the study of the dynamic behavior of FBR core.
An experimental facility representing a portion of core (PISE-2C) was de-
signed for this purpose at CEA-Saclay. Another experimental apparatus (PISE-
1A) composed by one hexagonal rod was also designed to test the dynamic char-
acteristics.
A 2D numerical model is also developed to resolve Navier-Stokes equations
coupled with structure dynamic equation in order to analyze some FSI mecha-
nisms.
The numerical method is validated by the comparison with an analytical model
existing in literature and another one specifically developed and more related to
phenomena in our concern. A comparison with experimental results is attempted
too.
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Chapter 1
Introduction
Nowadays most effort and resources in research and development sector of the
nuclear industry is addressed towards the development and design of Generation
IV Reactors. In fact, this kind of reactors can be characterized by sustainability
and economic features, that can make them an efficient and competitive mean for
energy production.
The Generation IV International Forum (GIF) is the international organization
designated to outline a research and development (R&D) agenda, needed to es-
tablish the feasibility and performance capabilities of the next generation nuclear
energy systems [1]. Their members established eight technology goals for Gen-
eration IV systems with the aim to respond to the economic, environmental and
social requirements of the 21st century:
 Sustainability-1: Generation IV nuclear energy systems will provide sus-
tainable energy generation that meets clean air objectives and provides long-
term availability of systems and effective fuel utilization for worldwide en-
ergy production.
 Sustainability-2: Generation IV nuclear energy systems will minimize and
manage their nuclear waste and notably reduce the long-term stewardship
burden, thereby improving protection for the public health and the environ-
ment.
 Economics-1: Generation IV nuclear energy systems will have a clear life-
cycle cost advantage over other energy sources.
 Economics-2: Generation IV nuclear energy systems will have a level of
financial risk comparable to other energy projects.
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 Safety and Reliability-1: Generation IV nuclear energy systems operations
will excel in safety and reliability.
 Safety and Reliability-2:Generation IV nuclear energy systems will have a
very low likelihood and degree of reactor core damage.
 Safety and Reliability-3: Generation IV nuclear energy systems will elim-
inate the need for off-site emergency response.
 Proliferation Resistance: Generation IV nuclear energy systems will in-
crease the assurance that they are very unattractive and the least desirable
route for diversion or theft of weapons-usable materials, and provide in-
creased physical protection against acts of terrorism.
These objectives provided the basis for identifying and selecting six nuclear
energy systems for further development. One of these reactor types is the Sodium-
Cooled Fast Reactor (SFR).
The SFR concept has many features that can allow the accomplishment of
the stated objectives. Most of them derive from the choice of the coolant, liquid
sodium:
 Neutronic properties: small capture cross-section for fast neutrons sa, high
scattering cross-section ss (which allows small leakage) and small energy
loss per collision (negligible moderation) allow the design of a fast spec-
trum, breeder reactor (FBR). A FBR can produce the same or more fissile
material (from the fertile material) than the fuel being consumed. Moreover,
the fast spectrum choice allows also a better radwaste management, through
the adoption of a closed fuel cycle with in-pile transmutation of long-lived
fission products. These are two outstanding sustainability features of the
SFR.
 Thermophysical properties: high boiling temperature, high thermal capac-
ity, high density, high conductivity, low vapor pressure at operating temper-
atures. These properties can allow: the possibility to operate at atmospheric
pressures, an efficient heat transfer coefficient during operation, moderate
mechanical power requirement for coolant circulation, high thermal inertia
during transients. Passive safety features are therefore enhanced.
 Chemical features: Even if a good compatibility with stainless steels is
shown, an important issue with sodium is its chemical reactivity in air and
water. For safety reason, an intermediate loop, between the primary system
filled with activated sodium and loop filled with water, is needed.
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For these reasons several project for the development of SFR are under consid-
eration. A Collaborative Project on European Sodium Fast Reactor (CP-ESFR)
is co-funded under the Euratom 7th Framework Program, and groups 25 part-
ners from throughout Europe [2]. The French project, supported by the Office
of Atomic Energy and Alternative Energies (CEA), focuses on the design of the
prototype sodium-cooled fast reactor ASTRID (Advanced Sodium Technological
Reactor for Industrial Demonstration) (figure 1.1 a).
(a) Astrid reactor design (b) Phénix reactor model
Figure 1.1: Sodium Fast Reactors Concepts
However, some SFR had already been in operation. We can remind the French
pool-type reactors Phénix and SuperPhénix, which had 47 reactor-years of expe-
rience, and the Japanese loop-type reactor Monju.
In particular, Phénix (figure 1.1 b) was a small-scale (net power of 233 MWe)
prototype reactor which was connected to the grid in 1974 and definitely discon-
nected in 2009, gaining 36 years of experience.
Nevertheless Phénix underwent several periods of interruption due to emer-
gency shutdown. Many of them were caused by leakage and fires of sodium.
Furthermore, between 1989 and 1990, Phénix also experienced four emergency
shutdown (SCRAMs) for negative reactivity. Up to now, no scenario able to ex-
plain evolution of the occurrencies have been completely validated.
The trends of the power excursions were obtained from neutron chamber record-
ing. In last two events recorded signals show the same trends and the same fre-
quencies. The power level in the last event was smaller. Recording from neutron
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chamber during SCRAMs for negative reactivity in last two occurrence are dis-
played in figure 1.2.
Figure 1.2: Power signal during SCRAMs for negative reactivity
The only initiating event compatible with time scale of the occurrencies is
flowering and compaction of the core.
Possible sources of negative reactivity insertion in a SFR are: control rod in-
sertion, void formation and mechanical movement of the core. Nevertheless, con-
sidering the timing of occurrence, the first two events are not compatible with time
scale of the recorded signals (200 ms). The flowering of the core, a radial expan-
tion of core assemblies, and following re-compaction due to elastic return, seems
to be the only initiating event capable of reproducing the timing of the events oc-
curred.
By the way, causes of the flowering have not been found yet. Several scenarios
with both mechanical and hydraulic initiators events have been investigated, but
none was validated [3].
A possible initiating event was proposed by Guidez et al. [4]. This scenario is
based on the coincidence of the four SCRAMs with the presence of experimental
assemblies within the core, the DAC assemblies, containing moderator material
and placed next to fertile assemblies of the blanket. Thermal power produced in
this area could have been underestimated and so was their thermal design. It could
have caused a channel blockage and a consequent release of superheating energy
in the form of a sudden vaporization. This vaporization could have produced a
pressure load which could have caused the movement of the core.
First numerical analyses, performed with simplified models to interpret this
scenario, have not been able to completely validate it. For this reason further in-
vestigations, with more accurate tools, are needed.
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In this frame, at the “Service de Thermohydraulique et de Mécanique des Flu-
ides” (STFM) in the “Direction de l’énergie nucléaire” (DEN) of the "Commis-
sariat à l’énergie atomique et aux énergies alternatives” (CEA), a PhD thesis about
fluid-structure interaction mechanisms in a SFR core, during sudden release of
liquid or gas, is ongoing. Experimental, analytical and numerical analyses are
expected with the following aims:
 Identification of flow regimes inside the inter-assembly for time-scale which
characterizes SCRAMs signals.
 Validation of the most suitable model to describe fluid behavior and its ef-
fect on the structure (Linearized Euler, Euler, Navier-Stokes equations) .
Furthermore, all possible results from these analyses will also be useful to
assess core dynamic behavior for design and safety analysis purpose on French
prototype sodium-cooled FBR project (ASTRID).
As it concerns the experimental approach of the work, the experimental ap-
paratus PISE-2C was designed and manufactured with the aim to obtain a small
sized, easy to exploit, facility. It is shown in figure 1.3.
The design of the apparatus aimed to represent a part of a Phénix core, with
the purpose of preserving the same time scales of the oscillation in the fluid and
the fluid reactions on the structure in term of added mass.
Figure 1.3: Experimental facility PISe-2C
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Full length-scale and geometry were kept the same as Phénix core in a hori-
zontal plan (71.4 mm side, 3 mm gap), in order to keep Fluid Structure Interaction
mechanisms unchanged. In fact, gap width is one of the most affecting parameters
on the fluid force of the structure. Instead, for simplicity reasons, the height is ten
times smaller than real (500mm) and it is composed by 2 crowns of assemblies.
The assemblies are made of Poly-methyl-methacrylate (PMMA) for visualization
of velocity field in the inter-assembly.
The desired range of frequencies is guaranteed by an appropriate design of the
support. They are designed in such a way that assemblies can preserve, in water,
the same frequencies that Phénix assembly has in sodium. Two kinds of support
of the assembly are provided:
 Twin-blades which allow assembly vibration parallel to the generating line.
They aim to accomplish analytical investigation of flowering in horizontal
plane.
 Mono-blade allows to simulate a cantilever beam behavior.
Different kinds of perturbation are expected in the future for experimental
tests:
 Steps of fluid injection with several time and velocity of injection and vol-
umes of liquid injected.
 Free vibration of the rod from a non-equilibrium initial position.
The reference fluid is water as its density is similar to that of sodium, but vis-
cosity is an order of magnitude greater. The possibility of another fluid is consid-
ered: a NaI solution is expected to be used to achieve measures of velocity field.
However the density is about twice the density of water and it leads to greater
values of the fluid force.
At first measures of displacement of the assemblies are assessed through strain
gauges and a non-contact laser vibro-meter. Afterwards, Particle Image Velocime-
try (PIV) adding sodium iodide for the refracting index and high-speed camera
will be provided for future measuring respectively velocity field and assembly
displacement.
Another experimental apparauts (PISE-1a) was manufactured. It is composed
by one PMMA hexagonal rod and keeps the same characteristics of PISE-2C as-
sembly. A PMMA hexagonal containment is placed around the assembly with 7
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mm of thickness of gap. This gap is double-thickness relating to the Phénix reac-
tor but it is adequately small to cause important inertial effects in the fluid. The
apparatus is equipped by a strain gauge glued on one blade. PISE-1A experimen-
tal facility is shown in figure 1.4.
The experimental equipment PISE-1a was conceived to determine the dynamic
characteristics of PISE-2c assembly, to calibrate instrumentation and for the vali-
dation of numerical models.
(a) (b)
Figure 1.4: Experimental Facility PISE-1A
1.1 Aim of the work
The aim of the present work is the validation of FSI numerical model in which a
structure is allowed to vibrate freely in a fluid boundary. It will be accomplished
with a simplified geometry. The horizontal plane of a single assembly, represent-
ing its middle plane is considered (2D analyses). It has been demonstrated that
3D effects can be neglected at distances at least five times the characteristic di-
mension of the geometrical configuration, namely the side hexagonal surface of
the assembly [5]. This analysis were used also to justify the choice of a reduced
height of the experimental facilities respect to the real Phénix assembly.
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Most of the works available in literature deal with situations in which a struc-
ture vibrates in a fluid with a force following sinusoidal law in time. These
analyses are useful to represent fluid-structure phenomena occurring during earth-
quakes. Our work instead aims to represent vibrations caused by sudden release
of liquid or gas, characterized rather by an impulsive behavior. For this purpose
an analytical model for free rod vibration has been developed [12].
Nevertheless, a comparison with analytical model for forced movement [7] is
accomplished too.
The comparison with analytical model required to take into account a cylindri-
cal geometry. Then a comparison between cylindrical and hexagonal geometries
allowed for the evaluation of effects of the geometry.
Moreover some first experiments with the facility PISE-1A was performed re-
cently and a comparison with numerical simulations is attempted.
All these analyses will be helpful to establish geometric and physical param-
eters which affect flow regimes in the fluid domain and the effects of the fluid on
the structure behavior.
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Chapter 2
State of the art
In this section, some works on fluid-structure interaction existing in the available
literature which are the basis for our studies, will be presented. Most of them deal
with cylindrical geometry structures which vibrate with forced sinusoidal law in a
confined fluid.
The case in our concern presents hexagonal geometry and the movement is not
forced. In fact the fuel element can vibrate freely starting from a non-equilibrium
position.
In literature, we can find just few works concerning hexagonal geometry and
none with free vibration.
However, these reference studies preserve remarkable interest to understand
phenomena and also to validate numerical models too.
In the first work (section 2.1) the approximation of inviscid fluid is made (Eu-
ler linearized equations). As result it is obtained that the fluid force is proportional
to the acceleration on the structure and it can be seen as an added mass for the
structure.
In the second one (section 2.2) the viscosity is taken into account. However,
the advective term is neglected and linearized equation are solved (Stokes equa-
tion) because of the hypothesis of small amplitude oscillations. The resulting fluid
force contains also a damping term due to the presence of viscosity. This term is
proportional to the velocity of the structure.
In the third work (section 2.3) a numerical model is used to solve Navier-
Stokes equation and the advective term is taken into account. The effect of higher
amplitude oscillation was analyzed.
The last work, presented in section 2.4, is more related to the FSI phenomena
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occurring in a FBR core and it follows an experimental approach. They considered
the hexagonal geometry in a high confined configuration and a free vibration of
the structure in fluid.
2.1 "The Effects of Liquid on the Dynamic Motions
of Immersed Solids” - R.J. Fritz, 1972
Fritz analyzed the dynamic behavior a system in which there are two moving solid
bodies, separated by a gap filled with incompressible and frictionless fluid.
He proposed a method to evaluate fluid forces which affect the motion of the
structure. Moreover he suggested a damping parameter which helps to evaluate if
viscous effects may effectively be neglected and the fluid system considered fric-
tionless.
When solids move in contact with liquids, the liquid must be displaced to ac-
commodate these motions. This movement generates a pressure field in the fluid.
The fluid force on the solids is computed as the integral effect of this pressure.
Fritz considered two long concentric cylinders separated by a liquid annulus.
The inner cylinder has radius a and the the outer concentric cylinder has radius b,
as shown in figure 2.1
Figure 2.1: Reference geometry for two-body motion with fluid coupling, R.J.
Fritz, [1972]
The length axial is L and it is two orders of magnitude greater than b; so,
3D effects can be neglected. The outer cylinder has a velocity x˙1 and the inner
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cylinder x˙2 in the radial direction depicted in figure 2.1. The amplitude of the
relative displacement between the rods x2  x1 is assumed to be small compared
to b a.
Calling:
 Vr the radial fluid velocity;
 Vq the tangential fluid velocity;
and taking into account the following boundary conditions:
Vr = x˙1cosq at r = a (2.1)
Vq = x˙2cosq at r = b (2.2)
Fritz obtained the following solution:
Vr =

B
r2
 A

cosq (2.3)
Vq =

B
r2
+A

sinq (2.4)
The parameters B and A are defined as:
B=
b2a2
b2 a2 (x˙1  x˙2) (2.5)
A=
x˙1a2  x˙2b2
b2 a2 (2.6)
Fritz, due to the hypothesis of frictionless fluid and little amplitude oscilla-
tions, could compute the fluid force from the kinetic energy of the fluid:
Ff i =  ddt

¶Tf
¶xi

(2.7)
where the kinetic energy of the fluid Tf is given by:
Tf =
Z b
a
Z 2p
0
1
2
r

Vr2+Vq2

Lrdrdq (2.8)
He obtained the fluid reaction forces on the inner cylinder Ff1 and outer cylin-
der Ff2:
Ff1 = MH x¨1+(M1+MH)x¨2 (2.9)
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Ff2 = (M1+MH)x¨1  (M1+M2+MH)x¨2 (2.10)
In these relationships,M1 is the mass of the fluid displaced by the inner cylin-
der and M2 is the mass of fluid that could fill the outer cylindrical cavity in the
absence of the inner cylinder:8>><>>:
M1 = pa2Lr
M2 = pb2Lr
MH =M1
b2+a2
b2 a2
(2.11)
When the containing body is fixed (x¨2 = 0), he obtained from equation (2.9)
and (2.7):
Ff1 = MH x¨1 (2.12)
MH =
2Tf
x˙12
(2.13)
The equation 2.13 states that the added massMH is the quantity of mass, hav-
ing the same velocity of the rod and the same kinetic energy of the fluid.
As mentioned, one of the hypothesis of this model was to assume the fluid
frictionless. The author suggested an approach to evaluate if this approximation
does not imply errors.
He computed the pressure drop from the Darcy friction factor and frictional
energy from the pressure drop:
DP=
f L
DH
V 2
2
r (2.14)
E f =
Z T
2
0
DPAV dt (2.15)
where f is the Darcy friction factor, A the fluid area and V the fluid velocity,
assumed to follow a sinusoidal law in time. DH = 2c where c is the gap width.
The integration may be done over half-cycle
T
2
.
The fluid damping force is assumed proportional to the velocity. The energy
due to fluid damping force will be:
EL =
Z p
0
bV 2 d(wt) (2.16)
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Setting EL=E f the effective linear coefficient b can be evaluated. A parameter
2x is defined as:
2x=
b
M fw
(2.17)
where M f is the fluid mass in the annulus. The parameter 2x represents the
ratio of the damping impedance to the inertial impedance. The author suggested
that the assumption of frictionless fluid must require that 2x is much smaller than
1.
In our work we use the energetic definition of the added mass suggested by
Fritz. This way to define the added mass can be applied independently of the
geometry and can be adapted also in the case in which the movement of the rod is
not forced.
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2.2 “Added Mass and Damping of a Vibrating Rod in
Confined Viscous Fluids” - S.S. Chen et al., 1976
When a structural component vibrates in a fluid, the presence of the fluid causes a
fluid reaction force which acts on the structure.
In previous literature, all studies about the fluid force had been accomplished
with the approximation of inviscid fluids. In this work an analysis of a cylindrical
rod vibrating in a viscous fluid and enclosed by a rigid, concentric rod was ac-
complished.
For small amplitude oscillations the advective term in Navier-Stokes equation
can be neglected and the equations of state and the motion can be linearized. Tak-
ing the previous hypothesis into account Chen et al. found an analytical solution
of Stokes equations. The pressure fields in the annulus was used to find the fluid
force.
The reference geometry is a infinite long cylinder with radius d. It vibrates
along the y axis inside a stationary cylinder with radius D (figure 2.2).
Figure 2.2: Geometry and coordinate system, Chen et al., [1976].
Stokes equations in cylindrical coordinates and boundary conditions are the
following:
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v(D;q; t) = 0
u(d;q; t) =U cosqeiwt
v(d;q; t) = U sinqeiwt
(2.18)
The velocity components of the fluid in the r and q direction are respectively
u and v.
the boundary conditions are the no-slip conditions:
 fluid velocity at r= d is in the direction of the rod oscillation, which isUeiwt
along the y axis;
 fluid velocity r = D is zero.
The equation were solved in the fluid domain, leading to the following solu-
tion:
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where the constants A,B,C,D, determined from the boundary conditions, are:
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and the parameters:
a= d
r
i
w
n
; b= D
r
i
w
n
; g=
d
D
;
The components of fluid stresses tensor are:8>>>>><>>>>>:
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The fluid force can be computed from stresses as it follows:
Ff = d
Z 2p
0
(trr

r=d
cosq  trq

r=d
sinq)dq= iMUwHeiwt (2.22)
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The resulting force can be split into two components:
 the first one is in phase with the acceleration and acts as an added mass for
the rod (inertial effect);
 the second one is in phase with the velocity. It can be seen as a damping
force which acts against the cylinder movement.
Ff = iMUwHeiwt =MUw[Re(H)sinwt + Im(H)coswt] (2.23)
where:
H = 1+2A (2.24)
The added mass coefficient and a damping coefficient can be obtained from
the fluid force. The added mass Madd is the proportionality coefficient in the
acceleration of the rod. It can be seen as an added mass coefficientCM multiplied
the mass M of the fluid with the same volume of the inner cylinder. If the fluid
is inviscid and the gap is large (D tends to infinity) then CM = 1. In this case the
added mass is equal to the mass of the fluid which would fill the body surface
Madd =M. The damping coefficient CV is the one multiplying the velocity of the
rod. A non-dimensional damping coefficientCnd is defined too.8><>:
Madd =CMM
CM = Re(H)
M = rpd2
(2.25)
(
CV =MwCnd
Cnd = Im(H)
(2.26)
From the analysis of the results, Chen et al. found that the main parameters
affecting the value of the added mass and the damping coefficient are:
 the gap between the inner and the outer cylinder (inter-assembly), accounted
with the parameter g=
d
D
;
 the frequency of the vibration, the viscosity and the inner radius, which are
considered through the Stokes number S= (
wd2
n
).
These parameters affect in a similar way the two coefficientsCM and Cnd .
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 CM and Cnd decrease when g decreases; it means that for smaller gap the
two coefficients increase;
 CM and Cnd decrease when S increases; if the inner rod radius and the fluid
properties are assigned, the two coefficients increase if the frequency of the
forced movement w decreases.
The analytical solution of Chen provided means to evaluate the effect of the
viscosity on the fluid force (damping term). Its analytical solution provided the
means to evaluate not only the added mass, but also the added damping coefficient
on a structure which vibrates in a fluid. This model provided a first reference for
the validation of our numerical model because allowed a comparison of velocity
profiles in the gap and of the values of added mass and added damping.
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2.3 "Viscous Flow Structure Interaction” - A. Huerta,
W.K. Liu, 1988
In their paper the authors highlighted that previous works about fluid-structure
interaction dealt with inviscid fluid and numerical approaches were within the
framework of finite elements. Their contribution in this field was to use the Arbi-
trary Lagrangian Eulerian (ALE) finite element method. They aimed to evaluate
properly the flow separation and nonlinear phenomena of steady streaming for
structure with periodic motion in a viscous fluid. The results allowed to evaluate
the fluid force acting on the body and the concept of added mass and added damp-
ing. Formulas for these constants were also given for a cylinder immersed in a
infinite viscous fluid.
In the past the influence of an inviscid fluid on the dynamic behavior of a
structure was analyzed. It was taken into account by means of an added mass.
But dealing with viscous fluid the added mass cannot describe properly the fluid
force acting on the body and a damping term is needed. The introduction of
these two terms (added mass and damping term) could help to avoid the coupling
between the structure equation and Navier-Stokes and simplify the problem in the
following way: (
Md¨+Cd˙+Kd = Fext Ff
Ff =Mad d¨+Cad d˙
(2.27)
Provided that Mad and Cad are evaluated properly, the problem can be solved
readily as a standard one degree of freedom structural dynamic equation. The two
parameters can be estimated in the case of prescribed sinusoidal motion:
d = so sinwt (2.28)
where so is the amplitude of the movement and w its frequency.
The authors solved numerically the continuity and Navier-Stokes equations
for a Newtonian fluid. The boundary conditions were:
 fluid velocity equal to rod velocity near the moving rod;
 fluid velocity equal to zero far from the rod, near the still structure.
Due to the boundary conditions, a Lagrangian description of the fluid balance
equations would be more suitable to set velocity conditions at the solid body.
Instead, far from the moving rod, a Eulerian (ALE) description would be more
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appropriate. The Arbitrary Lagrangian Eulerian formulation, used in this work,
allows both these requirements. With ALE formulation:
 at the surface of the oscillating body the mesh motion is prescribed equal to
the particle motion;
 away from the solid the mesh is fixed;
 in between a transition zone is defined with an arbitrarily prescribed mesh
motion.
(a) (b)
Figure 2.3: Mesh discretization and imposed mesh distorsion, A. Huerta, [1988].
Navier Stokes equation are expressed with ALE formulation. The density of
mesh elements are higher in the vicinity of the moving solid in order to evaluate
the boundary effects precisely.
The authors introduce some non-dimensional parameters in order to analyze
their results. They are:
a=
D
b
; b=
so
b
; Re=
vob
n
; Rw =
Re
b
;
where b is the dimension of the rigid body in the motion direction, D the di-
ameter of the outer boundary of the fluid domain, vo = sow is the scale of the
velocity, Rw is the frequency Reynolds number.
The fluid force Ff was obtained integrating both the thermodynamic pressure
p and the viscous shear forces around the body. The fluid force trend was ex-
panded using a Fourier series where the term in phase with the acceleration can
be separated from the one in phase with the velocity. If the initial assumption that
Ff is a linear combination of acceleration and velocity is true, only the first term
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of the series is nonzero. The frequency associated to this term is the same as the
prescribed velocity for the rod:8>>>><>>>>:
Ff = A1 cos(wt)+B1 sin(wt);
A1 =
1
p
Z 2p
0
Ff cos(wt)dt;
B1 =
1
p
Z 2p
0
Ff sin(wt)dt;
(2.29)
The added mass Mad and damping Cad are:8><>:
Mad =  B1sow2 ;
Cad =
A1
sow
:
(2.30)
Analyses were made for a constant a = 30 which means a big gap between
the oscillating rod and the outer boundary of the fluid. The influence of the pa-
rameters b and Rw was assessed.
The following results were pointed out:
 for high Rw most shearing occurs in a small layer surrounding the rigid
body;
 for higher b and Rw vortex formation and shedding occur;
 increasing Rw the angle of the stagnation point decreases and the pressure
amplitude decreases;
 the ratio of damping to mass force decreases as Rw increases;
 when Rw goes to infinityMad tends to a constant value (the same for inviscid
fluid), Cad goes to zero;
 Mad is independent of the amplitude ratio b and Cad varies with b.
Finally, the authors proposed also two correlations of non-dimensional values:
the first for to express Mad as a function of Rw and the other to find Cad as a
function of Rw and b.
This work adopted the use of a numerical method to find the fluid force on
the structure. In particular, the authors introduced the use of ALE finite method
element. In our numerical model we used the same formulation to solve NS equa-
tions .
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2.4 "Experimental investigation on fluid-structure-coupled
dynamic characteristics of the double fuel assem-
bly in a fast reactor” - L. Daogang et al., 2012
In this study the author performed an experiment to investigate the fluid-structure-
coupled characteristics of the under-water hexagonal fuel assembly used in a fast
reactor. Their purpose was to determine how the added mass and damping coeffi-
cient change due to different gaps between the assemblies.
The facility tries to model the fuel assemblies of a fast reactor in geometry
and density. It consists in a hexagonal cylinder supported by two parallel springs
with the same stiffness coefficients. Two kind of experimental geometries were
researched. The first one consists in a movable cylinder vibrates in a boundless
fluid. In the second, one of the cylinder is fixed and the other one is movable.
The fixed cylinder has effects in the vibration of the movable one and depend on
the gap h between the two cylinders. Their representation can be seen in figure 2.4.
(a) Single assembly (b) Two assemblies
Figure 2.4: Geometry of the model , L. Daogang, [2012].
The facility can be described as a mass-spring system whose frequency is:
f0 =
1
2p
r
K
M0
(2.31)
The fluid force can be modeled as an added mass and added damping of the
structure. The dynamic equation of the assembly in the fluid becomes:
(M0+Mad)y¨+Cad y˙+Ky= 0; (2.32)
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The parameters for free vibration in fluid will be:
wd = w
q
1 z2; w=
r
K
M0+Mad
(2.33)
z=
d
w
=
Cad
2
p
K(M0+Mad)
(2.34)
Td =
2p
wd
=
2p
w
p
1 z2 ; d=
Cad
2(M0+Mad)
(2.35)
where wd is the natural frequency of the vibration in the fluid. d, z and Td
are the damping coefficient, damping ratio and period of the free vibration in the
fluid.
The damping coefficient or the damping ratio can be found from the amplitude
reduction factor h, :
h=
A1
A2
=
Aexp( dt)
Aexp [ d(t+Td)] = exp(dTd) (2.36)
lnh= dTp =
2pzp
1 z2 (2.37)
With these formulas the authors estimated the frequency and the damping co-
efficient from the time history of experimentally measured free vibrations. They
also obtained values for the added mass Mad and added dampingCad .
A first test was a free vibration of the cylinder in air. They noticed that the
structure damping was negligible as resulting from the analysis of the time history
of the vibration. They determined also the frequency in air and it was found in
good agreement with the theoretical one.
The second test was free vibration of an unbounded cylinder in water. They
found the oscillation frequency was smaller than the natural frequency, as it was
expected. They also evaluated values forMad andCad . The value of was compared
with the mass of the fluid M having the same volume of the rod. The ratio
Mad
M
was greater than one (it is equal to one for inviscid fluid).
The following experiments were about free vibration in water with two assem-
blies and different gaps between them. The authors obtained frequencies, added
mass and added damping, from time history of the vibration, measured experi-
mentally.
They found that the added mass decreases with the increment of the gap. The
added damping is strongly dependent on the gap and it decreases as the gap in-
creasing. The minimum value is obtained for unbounded assembly.
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They also found agreement with some theoretical prediction in which the
added fluid mass is stated to be inversely proportional to the width of the gap.
The damping coefficient is inversely proportional to the cubic width of the gap
(Wilson, 1991).
In this work some formulas for free movement of the rod are presented. Most
of them resulted useful to make an analysis on the results of our numerical model
and also to find the experimental value of the added mass and the damping coeffi-
cient.
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Chapter 3
Validation of a FSI model for forced
sinusoidal movement
As shown in the previous chapter, most of the previous works about FSI (Fluid-
Structure Interaction) were analytical and numerical analyses, but they often had
some restrictions or simplifying assumptions (for example [6]-[9]).
Our objective is to evaluate how the different relevant parameters as the fluid
gap and the mass of structure can affect flow regimes and fluid force on the struc-
ture.
For this reason a numerical model for FSI is developed.
Two geometries will be considered: the cylindrical and the hexagonal ones.
The hexagonal geometry is the most interesting because reproduces a typical ge-
ometry of an assembly of a SFR. The cylindrical one will be helpful to make some
comparison with the analytical model of Chen et al. [7] and validate the model.
Moreover in most of the existing works the movement of the structure is forced
and it follows a sinusoidal law with a given frequency.
In this chapter, a model for forced movement of the rod will be presented and
compared to analyticals solution for small amplitude oscillations.
Further, the same model will be used to simulate the free vibrations. In this
case the model presents some differences in the structure equation because the
movement of the rod is no more known a priCDori.
In the following, the model will be described and its results will be analyzed
in chapter 5.3.
3.1 Description of the model
In this work we used the software for numerical simulation Cast3M, developed at
the CEA [11].
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We used this code to solve the continuity and Navier-Stokes equations for
incompressible and viscous fluids flow, using the Arbitrary Lagrangian-Eulerian
(ALE) finite element method with the algorithm of incremental projection in semi-
discrete form [13]. For details see the appendix ??.
We do not take into account a turbulent model because, in our problem, the
fluid is initially at rest and a turbulent flow regime should not be able to develop
in the time scales of our concern (less than 1s).
An axial flow is not present and it is only the movement of the rod which causes
the fluid motion. It has been demonstrated that 3D effects can be neglected at
distances at least five times the characteristic dimension of the geometrical con-
figuration [5]. We aim to represent phenomena occurring in a middle plan of a
structure, whose height is several times the horizontal dimension. For this reason
2D analysis will be performed.
The ALE formulation allows to move the mesh in some arbitrarily way. Thanks
to this freedom in the computational mesh, greater distortions of the continuum
can be handled with respect to a purely Lagrangian method, with more resolution
than that afforded by a purely Eulerian approach (see figure 3.1).
Figure 3.1: 1D example of Lagrangian, Eulerian and ALE mesh and particle
motion
In our model, the movement of the mesh is computed solving the Laplacian
operator for the displacement vector. We impose that, for each time step, the
contour of the mesh matches with both the fixed and the moving walls of the
structure.
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wijG = uijG
(3.1)
These conditions allow to satisfy the following constraints:
 the number and type of elements must not change;
 the connectivity between the elements must remain the same;
 non-degeneration of the mesh.
Navier-Stokes equations are consequently formulated to be solved in a mobile
domain. However, on a movable mesh, the time derivative of the generic variable
f is expressed as:
d f
dt
=
¶ f
¶t
+w j
¶ f
¶x j
(3.2)
where w j is the grid velocity.
The continuity, Navier-Stokes equations and the boundary conditions, pro-
jected on a moving mesh become:
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(3.3)
The fluid domain is defined between two concentric boundaries with the same
shape which represent two non-deformable solids. The mesh inside the domain
presents variable density and increases approaching the inner wall (fig. 3.2).
In the case of forced movement the time step length was chosen such that we
had one thousand of time steps in each period.
As mentioned, the fluid motion is only caused by the movement of the solid.
In our model it is expressed through the boundary conditions of the Navier-Stokes
equations which are no-slip conditions at the walls (eq.3.3):
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(a) Cylindric Geometry (b) Hexagonal Geometry
Figure 3.2: Example of mesh refinement
 the velocity of the fluid is equal to the velocity of the rod at the inner wall;
 the velocity of the fluid is zero at the outer wall.
When the movement of the rod is forced, its displacement follows a sinusoidal
law in time. Both the angular frequency w and the amplitude ao are given. The
velocity is computed consequently.
a(t) = ao sin(wt) (3.4)
For each time step, the model first computes the displacement and the velocity
of the structure. The displacement provides the boundary conditions to solve the
Laplacian operator and find the mesh configuration. The grid velocity is computed
consequently. The structure velocity provides the boundary conditions to solve
Navier-Stokes equations.
Once the NS equations are solved, the velocity and the pressure field are
known. The pressure field allows to compute the fluid force integrating its value
along the inner wall Gint .
Ff =
Z
Gint

 pdi j+µ

¶ui
¶x j
+
¶u j
¶xi

~n j dG (3.5)
where ~n j is the normal vector to dG.
3.2 Forced Movement with a Cylindrical Geometry
In this section, the analysis for a forced displacement and 2D-cylindrical geom-
etry will be presented. The inner cylinder vibrates along the x axis following a
sinusoidal law in time with amplitude and frequency imposed.
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The radius for the inner cylinder R1 is fixed and the reference value is such that
its area is equivalent to the hexagonal area of the experimental facility (figures 3.7
a and b).
The frequency of the movement fo and the inter-assembly distance b and there-
fore the radius of the outer wall R2 = R1+ b are variable. The amplitude of the
forced movement ao is fixed and its value is such that the ratio e =
ao
b
is much
smaller than one. The latter condition allows to achieve the same hypotheses as
the analytical model of Chen et al. [7] in order to make comparisons. Table 3.1
shows the reference values for the analysis with a cylindrical geometry.
GEOMETRIC PARAMETERS VALUES
R1 64.9 mm
b 1, 3, 7, 30, 100 mm
OSCILLATION PARAMETERS VALUES
ao 0.003 mm
fo 1, 2, 10 Hz
FLUID PARAMETERS VALUES
r 1000 kg/m3
n 10 6 m2/s
Table 3.1: Reference parameters for cylindric geometry
3.2.1 Velocity Fields and Flow Regimes
Tangential velocity profiles along an axis perpendicular to the axis of displace-
ment, were compared with the analytical solution of Chen [7] in four reference
cases. These profiles establish in the gap width at the end of a period.
They are shown in figure 3.3.
Numerical computations present a good agreement with analytical solution
and different flow regimes are well represented. Little deviation near the fixed
wall are present due to worse refinement of the mesh (figure 3.3 d).
When the movement of the rod is forced to be sinusoidal, fluid and geometry
are fixed, the most important parameters which affect the fluid reaction on the
structure are [7]:
 the gap width (R2 R1);
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Figure 3.3: Tangential velocity profiles along an axis perpendicular to the rod
motion at the end of a period
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 the angular frequency of the oscillation w.
Once the frequency of the rod oscillation is fixed, when the gap increases, the
viscous layer becomes smaller and the velocity profile tends to flatten (figures 3.3
a, b and c). In the latter case the boundary layer theory can be used to describe
the system. For smaller gaps (figure 3.3 a) the viscous layer tends to extend over
all the profile. In this case the viscous effects become more dominant and cannot
be neglected anymore.
Setting the gap width a similar behavior is shown increasing fo and its effects
are shown comparing figures 3.3 a and d. When the frequency increases the vis-
cous effects remains restricted in a smaller layer and the fluid tends to behave like
a inviscid fluid.
3.2.2 Added Mass
In this section the analysis for the added mass coefficient is carried out.
As it was suggested by Chen the added mass coefficient CM and the added
mass Madd are linked through the mass of the fluid that would fill the rod surface
M:
Madd =CMM =CM rpR12 (3.6)
From the solution of Chen we had (2.25) CM = Re(H). This solution is valid
for cylindrical geometries and with the hypothesis of small oscillation amplitude
(e 1).
In his paper Fritz [6] showed that we can find the added mass from the kinetic
energy of the fluid:
Madd =
2Ek f
a˙2
(3.7)
The latter definition allows to compute the added mass independently from the
geometry. It can also be adapted for the cases in which the structure can vibrate
freely. For this reason it could result more useful with respect to the definition of
Chen.
From equation 3.7 we can state that the added mass is the mass which should
be added to the structure in order to give it the same kinetic energy as the kinetic
energy of the complete system.
In our computation we computed the added mass with two different methods:
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 the first one refers to Fritz method and uses the kinetic energy of the fluid:
In this case we used the velocity field computed from the code to calculate
the kinetic energy of the fluid.
By the way, an average value over an entire period T was calculated (equa-
tion 3.8) to solve problems observed when a˙2 = 0. As the added mass is
constant with time, the time averaged value gives the right value.
Madd =
2
Z
0
T
Ek f dtZ
0
T
a˙2 dt
(3.8)
 the second one analyzed the trend of the fluid force found from the pressure
field at the inner wall as in equation 3.5.
A typical trend of the fluid force for forced movement of the rod is shown
in figure 3.4. At the very beginning there is a peak in the fluid force (figure
3.4 a) due to the discontinuity from stillness to movement of the fluid.
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Figure 3.4: Fluid force in a cylinder with forced movement
Afterwards, the trend seems to stabilize to a sinusoidal behavior, with a
phase difference with respect to the rod movement (figure 3.4 b). Let us
skip the initial values of the fluid force and write the following part in the
form:
Ff = F0 cos(wt+f) (3.9)
where f represents the phase shift between the fluid force and the velocity
of the rod a˙(t) (equation 3.10).
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a˙(t) = aowcos(wt) (3.10)
It is obtained by the difference between the time coordinate of the first rel-
ative maximum of these two quantities.
We are now able to express the fluid force in the following form:
Ff = B0 cos(wt)+C0 sin(wt) (3.11)
Through the following relations:
B0 = F0 cos
p
2
+f

(3.12)
C0 = F0 cos(f) (3.13)
The form in equation 3.11 allows to express the fluid force as stated by
Chen. In this way, we can find the term in phase with rod acceleration, pro-
portional to sin(wt) and the one in phase with rod velocity, proportional to
cos(wt).
The added mass and added damping are then easily obtained through the
following relations:
Madd =
C0
aow2
(3.14)
CD =
B0
aow
(3.15)
Several computations were performed to analyze the added mass for different
values of the Stokes number (equation 3.16) and different confinements.
S=
R12w
n
(3.16)
The two methods available to find the added mass (equations 3.8 and 3.14)
gave very similar results so they are equivalent. In the following, only results
obtained with the first method are reported (figure 3.5) and compared with the
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Figure 3.5: Added mass coefficient vs R2=R1 in a cylinder
analytical solution of Chen (eq. 2.25).
In all the cases a good agreement between the reference values and the com-
puted ones is obtained. The relative errors are less than 1 %.
Analysis with fixed values of the Stokes number S are displayed in figure 3.5 a
and b in order to see the effect of the confinement.
The added mass coefficient value is plotted versus radius the ratio
R2
R1
. In-
creasing the confinement, the added mass increases. Instead, for weak confine-
ment, it decreases, up to the case in which a rod is immersed in an infinite fluid
(no confinement) where the added mass coefficient tends towards an asymptotic
value which depends on the Stokes number. This values approaches the unity as
the Stokes number tends toward infinity. It means that in this case the added mass
is equal to the mass of the fluid that would fill the area of the rod (cf. [6] and [7]).
The effect of the Stokes number is also evaluated as it can be noticed from
the figure 3.5 d. The added mass coefficient increases as the Stokes number de-
creases. This effect appears more pronunced as much as the inter-assembly dis-
tance decreases.
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3.2.3 Added Damping Coefficient
Inertial effects on a structure moving in a fluid are always present, even if the fluid
is not viscous.
In addition, the presence of the viscosity gives rise to a damping force which
acts against the movement of the fluid and is proportional to the velocity.
In our computations we determined the damping force as the term of the fluid
force proportional to velocity (eq. 3.11). Added coefficient was obtained conse-
quently through equation 3.15.
In figure 3.6 trends of damping coefficient versus ratio R2=R1 are shown.
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Figure 3.6: Damping coefficient vs R2=R1
Errors between the computed values and the analytical ones are larger with
respect to the case of added mass results. They could be the result of rounding
errors in our post-processing calculation and they are due to fact of the handling
very small numbers.
As the added mass coefficient, the damping coefficient also increases when
the gap width decreases (figure 3.6 a).
For the damping coefficient values, the effect of the Stokes number is empha-
sized with respect to that of added mass coefficient (figure 3.6 b). In fact, damp-
ing coefficients vary considerably with the Stokes number also for high values of
R2=R1. The added damping coefficient increases as the Stokes number increases
and tends to zero when the Stokes number tends to infinity.
3.2.4 Conclusions
A first analysis on our model was made for a cylindrical geometry and for sinu-
soidal movement of the structure with imposed frequency. This choice allowed
a comparison with the analytical model of Chen in which fluid viscosity is taken
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into account.
Several computations were done with different gaps with the fluid boundary
and different frequencies of the rod vibration.
The obtained results show good comparison with analytical ones. Flow regimes
are well represented even if the accuracy depends on mesh refinement. Added
mass and damping coefficient were correctly predicted and relative errors are less
than 1 % for CM. Higher errors, up to 6 % were found for damping coefficients,
but they are supposed to be due to round-off errors.
3.3 Forced Movement for Hexagonal Geometry
In this section a study of the effect of the hexagonal geometry is carried out.
Interest in this geometry comes from the presence of hexagonal cross section
assemblies in a typical core of SFR. For this reason reference side of the hexago-
nal area has the same value of a Phénix assembly.
In order to perform a comparison with the case of cylindrical geometry all the
parameters, except the confinement, were kept the same: fluid properties, the pa-
rameters of the forced movement, equal rod surface (see table 3.1).
To evaluate the best way to take into account the equivalent confinement with
respect to the cylindrical geometry, three different possibilities were analyzed (fig-
ure 3.7):
 the same size of confinement of the cylinder between two vertexes of the
hexagon (figure 3.7 b);
 the same size of confinement of the cylinder between two sides of the
hexagon (figure 3.7 c) ;
 confinement such that an equivalent fluid area surrounds the rod (figure 3.7
d) .
Tnagential velocity profiles were compared in two different azimuthal coor-
dinates (a = 60 and a = 90 as in figure 3.7) with respect to the axis of the
displacement, which is horizontal.
Velocity profiles on a perpendicular axis to the displacement axis are consider-
ably different from the cylinder one (figure 3.8 a). It is due to creation of vortices
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(a) Reference cylindrical ge-
ometry
(b) Equivalent gap between
vertex
(c) Equivalent gap between
sides
(d) Equivalent fluid area
Figure 3.7: Different kind of comparison between cylinder an hexagon
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at the vertexes of hexagon (see section 3.3.1). In figure 3.8 b profiles at 60 from
the axis of the displacement can be analyzed. We note the perfect coincidence
of velocity profiles between hexagon and cylinder geometries with the same fluid
area. For this reason, the last approach is chosen for the following comparisons.
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Figure 3.8: Tangential velocity profiles velocity for cylinder and hexagon
In table 3.2 all the reference parameters for analyses with hexagonal geometry
are reported.
GEOMETRIC PARAMETERS VALUES
l 71.4 mm
b of equivalent 1, 3, 7,
cylinder 30, 100 mm
OSCILLATION PARAMETERS VALUES
ao 0.003 mm
fo 1, 10 Hz
FLUID PARAMETERS VALUES
r 1000 kg/m3
n 10 6 m2/s
Table 3.2: Reference parameters for hexagonal geometry
3.3.1 Velocity Fields and Flow Regimes
Velocity profiles for different degree of confinement were analyzed also for the
hexagonal geometry and they are compared with the cylindrical geometry (figure
3.9).
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Figure 3.9: Tangential velocity profiles comparison for hexagon and cylinder with
different inter-assembly
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As we have already seen for cylindrical geometry, different flow regimes are
experienced when different assembly spacing and frequencies are set.
Nevertheless, in correspondence of the vertices of the hexagon,velocity pro-
files are modified, and show an acceleration near the wall. It is due to formation
and detachment of vortices during the oscillation. This phenomenon is exhibited
also in the cylindrical geometry but is better stressed in the hexagon thanks to its
sharp edged shape (figure 3.10 a and b).
This phenomenon is more evident in bigger gaps and barely detectable for
small gap (figure 3.10 c and d) because there is not enough space for occurrence
of the detachment.
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Figure 3.10: Velocity magnitude in fluid domain
3.3.2 Added Mass
Also for the hexagonal geometry the added mass was computed with the two
methods previously mentioned. They gave comparable results so they showed
to be roughly equivalent. Data shown in the following are calculated with Fritz
method, from the kinetic energy of the fluid over a period (eq. 3.7).
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The influence of geometry is likewise observed in the analyses of the added
mass. In figure 3.11 the added mass versus the ratio R2/R1 is shown. The hexagon
has the same surface and equivalent fluid area of the cylindrical geometry.
In this case of hexagonal geometry, the ratio R2/R1 represents the ratio of
equivalent radii to cylindrical configuration.
Results show that added mass for an hexagon is a slightly larger than in the
case of the cylinder. Nevertheless, values are similar and comparable. For a fixed
Stokes number (figure 3.11 b), the difference between the hexagonal and cylindri-
cal geometry is greater as the confinement increases. For a fixed value of confine-
ment we can notice that the difference increases as the Stokes number increases
(figure 3.11 c and d). This is a consequence of the modified velocity field caused
by the geometry and the consequent greater kinetic energy.
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Figure 3.11: Added mass coefficient vs R2=R1 in an hexagon
Due to the fact that the hexagon is non axi-symmetric, the influence of the axis
of displacement has been evaluated for gap equivalent to b= 3mm. Computations
for two hexagons with same geometry and different direction of displacement
were compared. The direction of the displacement is on the x axis but the two
hexagons are oriented in a different way(see figure 3.12).
In figure 3.13 velocity profiles at 60 and 90 radiant from the axis of the
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(a) (b)
Figure 3.12: Different axis of displacement for hexagonal geometry
displacement in both cases are shown. Velocity profiles are different along the
different axis analyzed, but it is obviously due to the presence or not of vertexes.
However, the value of the added mass coefficient and added damping coefficient
are the same. It means that velocity field integrated on the surface and the fluid
force on the hexagon do not change.
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Figure 3.13: Velocity profiles for different angles respect with the displacement
direction in a hexagonal geometry
3.3.3 Added Damping Coefficient
Added damping coefficients were computed from the term of the fluid force in
phase with the velocity, as it was done for cylindrical geometry (equations 3.11
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and 3.15).
Figure 3.14 shows the added damping coefficient versus ratio R2=R1. the
added damping coefficient for hexagonal geometry is greater than cylindrical val-
ues.
For a fixed value of the Stokes number and the gap width, the relative differ-
ence between the two geometries is larger for damping coefficient than for the
added mass coefficient. It means that, geometric effects are scarcely relevant in
values of added mass but they become more significant for added damping coef-
ficient. This can be seen clearly comparing figures 3.11 b and 3.14 b.
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Figure 3.14: Damping coefficient vs R2=R1 for an hexagonal assembly
This phenomenon can be explained with formation and detachment of vor-
tices, typical of the hexagonal geometry. For the hexagonal geometry, even if the
integral value of kinetic energy over the fluid area increases slightly, the damping
effects of detachment of the vortices are greater and it causes higher values ofCD.
3.3.4 Conclusions
In this section an analysis for the hexagonal geometry with forced movement was
performed. At first we searched the best way to make a comparison between
hexagonal and cylindrical geometries, the choice was to preserve the same rod
and fluid surfaces for hexagonal and cylindrical geometries.
Comparison of velocity profiles disclosed the occurrence of formation and de-
tachment of vortices close to the vertexes of the hexagon. This phenomenon is
more important when gaps are larger. As for the cylinder, different flow regimes
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are experienced for different values of inter-assembly and Stokes number.
As a consequence of the modified velocity fields, added mass coefficients are
higher than the corresponding cylindrical ones. Anyway, differences are not so
large and a correspondence can be still noted.
The values of added damping coefficient are higher as well. In this case, the
effect of geometry is more important because of the formation and detachment of
vortex. In fact, they cause higher damping forces and, consequently, higher added
damping coefficient.
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Chapter 4
Analytical solution for free rod
vibration 2D problem
In this chapter the analytical solution developed by Monavon [12] for free vibra-
tion in an incompressible and viscous fluid flow of a 1 DOF structure is performed.
At first the problem is described and the set of equation, obtained after simpli-
fication and change of variable, will be listed. Then the solution for inviscid fluid
and for viscous fluid will be described.
4.1 Description of the problem
The problem analyzed consists of two cylinders, whose radii are R1 and R2 =
R1+ b (see figure 4.1). The gap between two cylinders is filled with a fluid with
density r and viscosity n. The outer cylinder is fixed, the inner one is free to
vibrate from a non-equilibrium position ao, but its time history a(t) is not known.
Figure 4.1: Reference geometry for the analytical solution
Navier-Stokes equations are initially expressed in 2D cylindrical geometry and
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must be solved in the fluid domain. However, the following steps are made to
make the problem simpler:
 A change of variables is accomplished:
x= R2q ; y= R2  r ;
eˆx = eˆq; eˆy = eˆr;
u= vq; v= vr;
~v= u(x;y; t)eˆx+ v(x;y; t)eˆy ;
 The equations are written in a non-dimensional form through the following
equivalences:
x= R2x¯ ; y= by¯ ; t = tt¯ ;
u(x;y; t) =Uu¯(x¯; y¯; t¯);
v(x;y; t) =V v¯(x¯; y¯; t¯);
p(x;y; t) = (dp)p˜(x¯; y¯; t¯);
a(t) = ao a¯(t¯):
 Useful non-dimensional numbers are defined:
Re=
Ub
n
; St =
R2
Ut
;
St is the Strouhal number. It represents the ratio between the displacement
time of a fluid particle and the displacement time of the solid body. From
boundary conditions we can see that the Strouhal number depends only on
the geometry and on the amplitude of vibrations.
St =
1
e
Re is the Reynolds number.
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 From continuity equation the relation V = hU is found;
 Some parameters are defined in order to write the non-dimensional form of
dynamic equation of the structure:
tm =
r
ms
k
; t f =
fs
k
;
tm and tp represent respectevely time scales of the inertial term and the
damping term of the structure respect to the time scale of the elastic force.
tp is the time scale of the fluid force.
It is defined as:
R2(dp)
kao
=
tp
t
2
It results that:
tp =
1
St
s
1
eh
(dp)
rU2
rR22
k
:
The elastic force guarantees the movement and the fluid force is also not
negligible (due to small gap hypothesis). For this reason it is assumed:
(dp) = ehk;
and it follows that:
t= tp:
It means thet time scale of phenomena is the time scale of the fluid force
which is equal to the time scale of the elastic force.
The problem is described by the following dimensionless equations:
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8>>>>>>>>>>>><>>>>>>>>>>>>:
¶u¯
¶x¯
+
¶v¯
¶y¯
= 0
St
¶u¯
¶t¯
= (dp)
rU2
¶p˜
¶x¯
+
1
hRe
¶2u¯
¶y¯2
St
¶v¯
¶t¯
=  1
h2
(d p˜)
rU2
¶ p˜
¶y¯
+
1
hRe
¶2v¯
¶y¯2
tm2
tP2
¨¯a+
t f
tP
˙¯a+ a¯= 
Z 2p
0
p˜(x¯;1; t¯)cos x¯ dx¯
(4.1)
4.2 Approximation of inviscid fluid
When the effects of the viscosity are negligible, the following approximations are
made in equation 4.1.
1
hRe
 (dp)
rU2
(dp)
rU2
=
1
e
.
Equations we need to solve becomes then simpler:
8>>>>>>>>>><>>>>>>>>>>:
¶u¯
¶x¯
+
¶v¯
¶y¯
= 0
¶u¯
¶t¯
= ¶p˜
¶x¯
p˜= p˜(x¯; t¯)
tm2
tP2
¨¯a+
t f
tP
˙¯a+ a¯= 
Z 2p
0
p˜(x¯;1; t¯)cos x¯ dx¯:
(4.2)
Slip conditions and initial conditions are:
v¯(x¯;0; t¯) = 0; v¯(x¯;1; t¯) =  ˙¯acos x¯;
u¯(x¯; y¯;0) = 0; v¯(x¯; y¯;0) = 0; p˜(x¯;0) = 0;
a¯(0) = ao; ˙¯a(0) = 0;
The solution gives simple expressions both for the velocity and pressure field:
p˜(x¯; t¯) = ¨¯acos x¯; u¯(x¯; y¯; t¯) = ˙¯asin x¯; v¯(x¯; y¯; t¯) = ˙¯ay¯cos x¯:
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Proceeding with substitution in the equation of the rod, it becomes:

tm2
tP2
+p

¨¯a+
t f
tP
˙¯a+ a¯= 0
Last equation is a homogeneous, linear and second order differential equa-
tion. It can be easily solved searching its eigenvalues through the characteristic
equation.
It can be noticed that the fluid force can be seen as inertial term only, neglect-
ing damping effect. In fact, if the damping of the structure cs is equal to zero, the
rod will vibrate indefinitely with sinusoidal law and a lower frequency respect its
vibration in air. In this case :
a¯= cos
 
tpp
tm2+ptp2
t¯
!
4.3 Solution for viscous fluid
When viscosity needs to be considered, its term is comparable to the others.
In equation 4.1 now we have:
1
hRe
=
(dp)
rU2
 1
e
Moreover the parameter s is defined. It represents the Stokes number.
s=
hRe
e
.
Equations become:8>>>>>>>>>><>>>>>>>>>>:
¶u¯
¶x¯
+
¶v¯
¶y¯
= 0
s
¶u¯
¶t¯
= ¶ p˜
¶x¯
+
¶2u¯
¶y¯2
p˜= p˜(x¯; t¯)
tm2
tP2
¨¯a+
t f
tp
˙¯a+ a¯= 
Z 2p
0
p˜(x¯;1; t¯)cos x¯ dx¯
(4.3)
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No-slip boundary conditions are imposed at the wall: at the inner wall it means
that the fluid has the same velocity of the rod.
u¯(x¯;0; t¯) = v¯(x¯;0; t¯) = 0;
u¯(x¯;1; t¯) = 0; v¯(x¯;1; t¯) =  ˙¯acos x¯:
Initial conditions are the same as for inviscid approximation:
a¯(0) = ao; ˙¯a(0) = 0;
u¯(x¯; y¯;0) = 0 v¯(x¯; y¯;0) = 0; p˜(x¯;0) = 0
Nevertheless, to solve this problem, the use of Laplace transform is required.
In this way a transformed expression for the displacement of the structure aˆ can
be obtained.
From it we can find also transforms of velocity uˆ, vˆ and pressure pˆ trends and,
once the inverse Laplace transform is done, an explicit solution is obtained.
The expression of the transform aˆ is:
aˆ=
1
s
  1
s
2664tm2tp2 s2+ t ftp s+1+pss2
0B@1  tanh 12
p
ss
1
2
p
ss
1CA
 13775
 1
(4.4)
We obtained the inverse Laplace transform of the fuction aˆ(s) in equation
4.4 with specific numerical methods. We found the non-dimensional form of the
dislacement of the structure a¯(t) and finally the dimensional one a(t). We used the
analytical expression of a(t) for valid ation of the numerical model (see chapter
5).
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Chapter 5
Validation of a 2D FSI model for
free rod vibration
In this section a model for fluid-structure interaction for free vibrations is pre-
sented. Reference geometries and fluid are the same as the forced movement
case.
The structure is now modeled as a one degree of freedom mass-spring damped
system with mass ms, stiffness k and damping coefficient cs. By the way, it is
restricted in a 2D fluid domain.
In this model the movement of the rod is no more forced to have a sinusoidal
law with chosen frequency. The rod vibrates freely starting from an initial non-
equilibrium position ao. The dynamic law of the structure is not known a priori
and it is conditioned from physical parameters and fluid behavior.
5.1 Description of the model
Our model for free vibration is written using code Cast3M and allows us to solve
both continuity Navier-Stokes equations coupled with dynamic equation of a solid
body. Navier-Stokes equations are written with ALE formulation (already de-
scribed in section 3.1) and solved in the fluid domain W by the finite element
method with the algorithm of incremental projection in semi-discrete form [13]
(described in appendix ??).
As it was already said in section 3.1 a turbulent model is not taken into account.
We perform 2D analysis as we consider an assembly whose axial dimension is
much greater than horizontal dimensions.
Equations, boundary and initial conditions which characterize our system are:
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8>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>:
¶ui
¶xi
= 0
r
dui
dt
+r
 
u j w j
 ¶ui
¶x j
=
¶
¶x j

µ

¶ui
¶x j
+
¶u j
¶xi

  ¶p
¶xi
msa¨+ csa˙+ ka= Ff =
Z
Gint

 pdi j+µ

¶ui
¶x j
+
¶u j
¶xi

n j dG
ui

Gint
= a˙(t)
ui

Gext
= 0
a(t)

t=0 = ao
a˙(t)

t=0 = 0
(5.1)
At first, initial rod displacement is set and initial deformation of the mesh is
initially computed. Then this sequence of computations is carried out for each
time step:
 the Navier-Stokes equations are solved in the fluid domain and velocity and
pressure fields are obtained;
 the fluid force is computed from the pressure and velocity field a the inner
wall through equation 3.5;
 the fluid force is implemented into the dynamic equations of the solid. The
structure equation is solved with a Newmark algorithm [14];
 displacement, velocity and acceleration of the rod are obtained.
The rod displacement computed give new boundary conditions for mesh ar-
rangement, the rod velocity boundary condition for Navier-Stokes equations. A
block diagram which describe computation logics is depicted in figure 5.1.
Figure 5.1: Block diagram of time computation
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Dynamic equation is solved with a modified Newmark algorithm (described in
appendix ??) in order to treat non-linear problems [14]. The Newmark algorithm
is unconditionally stable only for linear differential equations. In our case the fluid
force is not linear, so the stability is not guaranteed.
In order to guarantee the stability of the computation, the energy of the system
is checked (see appendix ??). The mechanical energy of the entire system (fluid
and structure) must decrease with when a source of dissipation is present (damp-
ing of the structure or fluid viscosity).
Moreover when the mass of the structure is small and the fluid force is great
due to small gaps, the inertia of the structure becomes negligible compared to
fluid inertia. This causes a change of regime in structure equation: we pass from
a dynamic regime to a quasi-static regime. This condition can affect the precision
of results.
We noticed that also the choice of time step could affect the precision of the
computation. It will be better shown in section 5.2 (figure 5.4).
However, there are two ways to overcome precision problem: the first is re-
ducing the time step; the second is to iterate the computation of the Newmark
algorithm in each time step. We choose to follow the first method.
5.2 Preliminary analyses of the model
In this section some preliminary analyses of the model for free vibration of the
structure are described.
These analyses were done for a reference case. We chose cylindrical geometry,
whose parameters are described in table 5.1. For these analysis we set the damping
coefficient of the structure cs equal to zero in order to see better the damping
effects of the fluid.
Energy balance equation for the entire closed system was checked (figure 5.2.
The initial energy of the system is E0, which is the potential energy of the
structure due to initial displacement aO. This energy is partially transferred to the
fluid, while part is transformed into kinetic energy of the structure or dissipated.
Therefore, trends of the mechanical energy, namely the sum of kinetic energy
of both structure and fluid and potential energy of the structure must decrease with
time.
The balance of the total energy of the closed system can be written with equa-
tion 5.2:
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GEOMETRIC PARAMETERS VALUES
R1 64.9 mm
b 3 mm
STRUCTURE PARAMETERS VALUES
ao 0.003 mm
m 50 kg
c 0 kg/s
fair =
p
k=m 1 Hz
FLUID PARAMETERS VALUES
r 1000 kg/m3
n 10 6 m2/s
Table 5.1: Reference parameters for cylindric geometry and free vibration
E0 = Eps(t)+Eks(t)+Ek f (t)+Edis(t) (5.2)
Eps is the potential energy of the structure, Eks is its kinetic energy, Ek f is the
kinetic energy of the fluid, Edis is the energy dissipated due to viscosity. These
terms are defined as the following:
E0 =
1
2
kao2 (5.3)
Eps =
1
2
ka2(t) (5.4)
Eks =
1
2
ma˙2 (5.5)
Ets = Eps+Eks (5.6)
Ek f =
Z
W
1
2
rj~v(x;y; t)j2 dA (5.7)
Emec = Ets+Ek f (5.8)
Edis =
Z t
0
Z
W
2µå
i j
¶vi
¶x j
Di j dA (5.9)
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where:
Di j =
1
2

¶vi
¶x j
+
¶v j
¶xi

The trends of computed mechanical energy and of its components are shown
in figure 5.2. The total mechanical energy decreases as expected. Potential energy
starts to decrease as soon as the rod moves towards its equilibrium position. Part
of potential energy lost by the rod is transformed into kinetic energy both of the
rod and the fluid, and a part of it is dissipated due to viscosity instead.
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Figure 5.2: Trends of energy of the system rod-fluid vs time
Then it was verified that dissipated energy Edis and mechanical energy Emec
were complementary to obtain the total energy E0. If it is, so energy balance equa-
tion is respected. The comparison is exhibited in figure 5.3.
These analyses provide if good numerical parameters had been chosen. In
fact, if time steps are too large, a good balance of energy is not respected. It can
be seen in the two trends of figure 5.4, where refinement and all the other inputs
are kept the same but different time step were set 1.
5.3 Post-processing analyses
Some analyses were carried out to evaluate how the concepts of added mass and
added damping coefficient can be extracted for free vibration of the rod.
1Figure 5.4 differs from 5.3 because the latter case the fluid density is not equal to that in
described in table 5.1. In this case r= 100kg=m3.
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.
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In this aim, the added mass was obtained from the kinetic energy of the fluid,
considering a time-averaged value (eq. 3.8) over the total time of computation.
The added mass is the mass which should be added to the structure to give to it
the same kinetic energy as the kinetic energy of the complete system.
1
2
(ms+Madd) a˙2 = Ek f +Eks (5.10)
For forced movement the added mass is a constant. So, we checked if also in
this case we could find a constant value. For this reason the time-averaged value
of the added mass till the time of computation t was searched. It was computed
for each time step of the simulation:
Madd(t) = 2
Z t
0
Ek f dt˜Z t
0
a˙2 dt˜
(5.11)
It can be seen in figure 5.5 that the time-averaged value of the added mass
tends to stabilize to a constant value. This value will be considered the value of
the added mass.
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Figure 5.5: Time-averaged added mass versus time of computation
Our purpose is to find an added damping coefficientCadd too. However, some
hypothesis are needed to legitimate methods used to find it.
We suppose that the fluid force can be written in two components as it was for
the forced movement. One component is in phase with the acceleration and one
in phase with the velocity (eq. 5.12)
Ff = Madd a¨ Cadd a˙ (5.12)
With this hypothesis the dynamic equation for the structure can be written:
ms+Madd

a¨+

cs+Cadd

a˙+ ka= 0 (5.13)
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The previous equation is equivalent to the homogeneous equation for a rod
whose total mass is ms +Madd , total damping coefficient is cs +Cadd and the
elastic constant k.
In this way it is assumed that the system behaves like an equivalent mass-spring
damped system which vibrates in air.
As a consequence the dynamic behavior of the structure can be studied. It
depends on the critical damping of the new system:
ccr = 2
s
m+Madd

k (5.14)
which is accounted for into the index:
x=
cs+Cadd
ccr
(5.15)
In most cases of our concern, the physic parameters are such that 0 < x < 1
and so the dynamic equation of the structure can be written as following:
a(t) = A0e xw0tsin
q
1 x2w0t+f

(5.16)
where A0 and f depend on initial conditions.
The period of the oscillation w and the natural angolar frequency w0 are now
defined as following.
w= w0
q
1 x2 (5.17)
w0 =
s
k
ms+Madd
(5.18)
In our computation we set to zero the value of the damping of the structure.
Therefore damping effect is exclusively due to fluid. We analyze three methods to
evaluate the added damping coefficient starting from results of our computations:
 from the logarithmic decrement of the amplitudes of the displacement of
the rod. We call it C1;
 from the period of the oscillation of the rod (eq. 5.17).The following value
is named C2;
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 from the energy dissipated during the vibration E0 Emec(T ), over the pe-
riod of computation T (equation5.19). We remind that, if the damping of
the structure is zero, the dissipated energy is due to the viscosity of the fluid
(E0 Emec = Edis)
C3 =
E0 Emec(T )Z T
0
a˙2 dt
(5.19)
To make a comparison of these methods, the obtained values of the added
damping coefficient were used to find the energy dissipated in term of added
damping as it follows:
ECi =
Z a
0
Ci a˙ dx=
Z t
0
Ci a˙2 dt˜ (5.20)
Trends of ECi were compared to dissipated energy Edis, obtained from viscos-
ity.
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Figure 5.6: Dissipated energy comparison
It can be seen from the figure 5.6 that the value obtained from the logarithmic
decrement of the amplitudes of the position of the rod fits better the reference
trend. If a precise computation is accomplished, it follows that E0 Emec = Edis ,
andC1 'C3 . Each one of these two methods can be chosen to calculate the added
damping coefficient.
To justify the hypothesis stated in equation 5.12, the reference values for the added
mass and added damping coefficient were used to write the fluid force as a sum of
the two components, and we called it Ffcom . It was compared to the trend obtained
from the fluid force Ff as it is defined in equation 3.5. Except for some deviations
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at the beginnining, a good comparison is shown, where discrepancies are less than
1%.
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Figure 5.7: Fluid Force comparison
5.4 Results for free rod vibration
In this section, some numerical results are compared with the analytical solution
for free rod movement by Monavon described in section 4. To make a comparison
with analytical solution, we need once again to consider a cylindrical geometry.
After that, the effect of the hexagonal geometry will be also evaluated.
For this analysis, geometry parameters and fluid properties are the same as for
forced movement (see tables 3.1 and 3.2). However, the influence of structure pa-
rameters will be also investigated, changing values of fair and ms of the structure.
The gap width can obviously vary too.
5.4.1 Comparison with analytical model
To have a fair comparison with the analytical model previously described in sec-
tion 4, conditions of high confinement h =
b
R2
 1 and small amplitude oscilla-
tions e =
ao
b
 1 are required. In particular, some computations were done, in
which, h and e are kept constant (respectively 0.015 and 0.3) and rod parameters
(ms and k) can vary (figure 5.8). We compared the time history of the displacement
of the structure, obtained through the inverse Laplace transform of the function
aˆ(s) of the analytical solution (eq. 4.4) with the numerical results.
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Figure 5.8: Comparison between analytical and numerical solution of rod dis-
placement vs time
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Good agreement between analytical and numerical results for structure dis-
placement are seen.
Figure 5.9 shows a comparison between numerical and analytical solutions for
cases in which the width of the gap is greater, and so also the parameter h. As
much as h increases the analytical solution will differ from the real one.
For the same gap width as PISE-2C (3mm) the comparison is still admissible.
For a gap with of 7mm, which is the same as PISE-1A the comparison is less
useful.
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Figure 5.9: Rod displacement vs time comparison between analytical and numer-
ical solution, for bigger gap
5.4.2 Parametric analysis with Cast3M
We performed several computations with free vibration of a structure on a fluid.
Both cylindrical and hexagonal geometries are considered. The fluid were kept the
same for all the computation. We changed the other parameters: the confinement
(gap size), the frequency in air of the structure, the mass of the structure.
The aim is to analyze the effects of these parameters on the added mass coef-
ficient CM (defined in equation 3.6) and damping ratio x (equation 5.15).
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Gap width affects considerably the value of both the added mass and the added
damping. The trends versus ratio
R2
R1
(in figure 5.10) is similar to forced move-
ment ones (figures 3.5 and 3.6). As the gap decreases both CM and x increase
sharply.
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Figure 5.10: Effects of the gap
The effect of fair on the trends of the added mass coefficient and the damping
ratio is analogous to the effect that the imposed frequency of the oscillation has
for forced movement. It can be seen in figures 5.10 and 5.11.
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Figure 5.11: Effects of frequency in air of the structure
When the frequency in air increases, CM and x decrease. The frequency influ-
ences slightly the values of the added mass and more considerably the values of
the added damping. Moreover the effect of the frequency is more stressed as the
gap width decreases.
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Furthermore , the effect of the mass of the structure ms, keeping a constant
fair, is investigated. This analysis can be interesting because it reminds one of the
difference existing between the experimental facilities PISE-1A and PISE-2C and
a Phénix assembly 1. As it has been already said, the supports of the experimental
facilities were designed to have similar frequency in water that the assembly of
Phénix in sodium. By the way, assemblies of the experimental facility have mass
per unit lenght much smaller than the Phénix assembly as it is made in PMMA.
As it can be seen in figure 5.12, keeping fair and changing the mass of the
structure, the effect on the value of the added mass are almost negligible. Instead,
the value of the added coefficient can vary a lot with ms and this effect is more
important for smaller gaps. However, this effect could be less visible for higher
fair of the structure.
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Figure 5.12: Effects of the mass of the structure
For this reason, with smaller structure mass, but keeping similar frequency in
air, the effect of the damping could be not taken into account properly.
Decreasing the value of the mass structure the damping ratio increases. So the
behavior of the structure approaches a critical damped regime. This effect is even
more pronounced when the gap width decreases.
Consequently, there is the possibility, for the experimental facilities, to tend
toward an over-damped behavior due to its small mass and high fluid force. It
could happen especially for smaller gaps (PISE-2C) and greater fluid density (NaI
solution) expected in future experiments in order to perform visualization of ve-
locity measurements.
As in the case of forced oscillation, the effect of the hexagonal geometry is
investigated (figures 5.10-5.12.
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Also in this case the comparison is made between structures with the same
surface and surrounded by the same fluid area.
The effect of the geometry results in higher fluid force. The higher added mass
results in higher inertia and gives smaller rod frequency in the fluid. Similarly to
forced movement, damping effects are greater than cylindrical geometry, and are
more significant than the inertial effects too. The damping ratio x is greater than
the equivalent value in the cylindrical geometry, despite of the higher value of the
added mass.
Nevertheless, the effects of vortex formation on the value of the added damp-
ing is smaller than for forced movement. It is linked to the type of movement. In
fact for forced movement the fluid force acts as a resistance and for free vibration
as a damping force which stops the movement and reduces also the vortices for-
mation.
From the analysis we can state that the damping ratio is quite affected by all
parameters, in particular by the gap. In some cases, when x is not very small, it
can affect the value of the frequency in water of the structure. In this case, the
formula by Chen (equation 5.21) could have an error on the estimation of this
frequency.
fair
fH2O
=
r
ms+Madd
ms
(5.21)
This becomes evident in cases in which, due to fluid force, the behavior of the
structure becomes over damped, so the frequency in water cannot be calculated.
Instead, the formula of Chen can give a value in any case.
For this reason in the previous formula it should be considered the following
correction:
fH2O
fair
=
r
ms
ms+Madd
q
1 x2 (5.22)
5.5 Conclusion
In this chapter analyses for free vibration of 1 Degree Of Freedom (DOF) struc-
ture in a fluid boundary were performed. These analyses are made by numerical
tools, which demonstrated to have good agreement with an analytical solutions
developed recently. The influence of different parameters were examined show-
ing that the gap width is the most affecting parameter on the value of the fluid
force.
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The effect of the frequency in air of the structure is higher on the value of the
damping ratio than on the added mass. The influence is more stressed for smaller
gaps.
Analysis of different masses of the structure, but keeping a constant frequency
in air were accomplished. It showed that the effect of inertia is not very strong, so
the value of the added mass is almost the same. The added damping coefficient
is slightly greater for higher structure mass. For higher mass, the damping ratio x
becomes greater due the fact that the critical damping is smaller due to smaller ms
and also smaller k, as fair is kept constant.
The effects of the hexagonal geometry are very similar to the case of forced
movement. The formation of vortices at the vertex of the hexagon leads to higher
added mass, higher damping ratio (despite higher added mass) and consequently
smaller frequencies in fluid.
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Chapter 6
Experimental tests with the facility
PISE-1A
As it was already mentioned in chapter 1, the experimental facility PISE-1A has
been conceived with the aim to describe the dynamic characteristics of the assem-
bly of PISE-2C, to calibrate instrumentation and to make a first validation of the
the numerical model. For this reason some pre-test in air were firstly performed.
After that, we also executed tests in water to evaluate the effect of fluid on the
structure in a confined geometry.
6.1 Description of the apparatus PISE-1A
The experimental apparatus PISE-1A (figure 6.1 a) is composed by a PMMA
(Poly-methyl methacrylate) hexagonal cylinder with a 71.4 mm side and 500 mm
height. It is fixed on a twin-blade support which allows only orthogonal oscilla-
tions respect to generating line of the assembly (figure 6.1 b).
Each blade is 210 mm high and 3 mm thick.
A PMMA hexagonal containment is placed around the assembly with 7 mm
of thickness of gap. This gap is twice as large as in the Phénix reactor but it is
adequately small to cause important inertial effects in the fluid.
The apparatus is equipped by a strain gauge glued on one blade. A non-contact
laser vibro-meter is also used.
In addition, Particle Image Velocimetry (PIV) adding sodium iodide for the
refracting index and high-speed camera are provided for measuring respectively
velocity field and assembly displacement.
Free vibration tests in air are performed to evaluate the dynamic characteristics
of the body. Free vibration experiments in water allow to asses the added mass
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(a) (b)
Figure 6.1: Experimental Facility PISE-1A
and added damping effect on the frequency.
Other experiments are foreseen as vibrations induced by water injection. The
single assembly apparatus has only one injection orifice pierced on the contain-
ment. We aim to find stationary pressure drop in the inter-assemblies with in-
jections of long duration and fixed inter-assemblies. We also envisage short-time
injection more related to the AU-RN event.
6.2 Experimental tests in air
Some experimental tests of free vibration in air were made to find the dynamic
characteristics of the assembly.
The measure of the total mass of the assembly and the evaluation of the stiff-
ness of the system, through static tests, were carried out.
After that, several tests in air were performed from different non-equilibrium
initial positions. In figure 6.2 the time history of the oscillation for an initial
displacement of 1 mm is reported.
The value of the frequency was obtained thanks to Fast Fourier Transform
(FFT) algorithm with a frequency resolution of 0.01 Hz and acquisition frequency
of 1000 Hz. The damping ratio x is obtained through the logarithmic decrement
of the displacement in time. We computed averaged values from the results of
different tests. The average frequency in air of the assembly is fair = 11:34Hz.
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Figure 6.2: Comparison between numerical and experimental results for free
vibration in air
The average damping ratio is x= 2:65%.
We could also verify that the experimental value of the frequency does not
differ much from the theoretical value fth =
1
2p
r
k
ms
p
1 x2 ' 1
2p
r
k
ms
.
In the figure 6.3 we plot the strain-gauge- versus the laser-displacement, col-
lected with the same acquisition frequency but at different heights. The linearity
of the trend shows that the assembly displaces parallel to the generating line and
can be approximated as a 1 DOF structure.
Figure 6.3: Linearity between displacements at two different height
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Numerical simulations of free rod vibrations in air were performed with the
numerical model described in chapter 5.1 and time-history of the oscillations is
compared with experimental one. The mass of the structure is 14.2 kg consid-
ering the twin-blade support without the welded base and the elastic constant is
73385 N/m.
Input data of computation are mass, stiffness and damping coefficient of the
structure. The frequency in air computed by Cast3M is very close to the experi-
mental value, 11:27Hz. We can see in figure 6.2 good agreement at the beginning
but a shift in time history for long time of oscillation. It is due to small errors
in frequency and damping ratio. In fact, as it was said, the value x = 2:65% is
averaged, but the value in the test chosen for the comparison is 2:92% .
6.3 Experimental test in water
Once static and dynamic characteristics of the structure were determined, several
test in water (7 mm gap between sides of hexagons) were performed with differ-
ent initial non-equilibrium position. A time history of assembly displacement in
water is displayed in figure 6.4.
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Figure 6.4: Time history displacement in free vibration of PISE-1A in water
Frequency in water was calculated with the FFT algorithm and the damping
ratio from logarithmic decrement of the oscillation trend. Experimental values
measured are: fH2O = 5:2Hz and xH2O = 2:485%.
The reason way the damping ratio is smaller than the analogous value in air is
due to inertial effect of the fluid (added mass). In fact the damping ratio is defined
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as suggested by Daogang [9]:
x=
cs+Cadd
2
p
k(ms+Madd)
(6.1)
Even if in water the total damping coefficient cs +Cadd is higher than the
damping coefficient in air cs, the value of the added mass is even more important
and its effect is to reduce the damping ratio x.
However, when the gap decreases, the damping effects become more signifi-
cant, so that the system could turn in a over damped behavior (see figure 5.8 a and
b), where x> 1.
From measured values of frequency fH2O and damping ratio xH2O we obtained
experimental values of added mass and added damping, through equations 6.1 and
6.2:
fH2O =
s
k
ms+Madd
q
1 x2 '
s
k
ms+Madd
(6.2)
Results are: Madd = 55kg=m and Cadd = 58kg=ms. We noticed that the
added damping value is very similar to the damping coefficient of the structure
(cs = 54kg=s ).
Numerical 2D computation of the experimental test in water was attempted.
Nevertheless, the computed frequency in water is smaller ( fC = 3:2Hz) and the
added mass is much higher (169kg) than experimental values.
However, numerical computation seems to agree quite well with added mass
value suggested by Chen and Chung [15]. In their work added mass coefficients
for 2D hexagon versus ratio b=l, where l is the side of the inner hexagon and b is
the gap, is displayed (figure 6.5). Even if it is valid for forced movement it can
give a fair order of magnitude for the added mass.
Analysis to explain the discrepancy between experimental and numerical re-
sults are ongoing. First analysis were done to explain the discrepancy between
experimental and numerical results. It was evaluated if the error is caused by a
wrong choice of the time step which influences the precision of the calculus. As
the phenomena have short time scale, a very small time step is recommendable.
However, decreasing the time step, the results did not improved much. The dis-
crepancy could be due to a wrong 2D modeling of the experimental apparatus.
In particular, our apparatus is not homogeneous but composed by two parts (the
support and the PMMA assembly) and the effects of the confinement are related
only to the assembly.
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Figure 6.5: Added mass coefficient for hexagonal body
Due to lack of time, deeper investigation was not accomplished. Further anal-
ysis are ongoing and expected in future works.
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Chapter 7
Conclusions
A 2D Fluid-Structure Interaction numerical model was developed with CAST3M
code with the aim to properly evaluate the forces on a structure which vibrates in
a confined boundary filled with fluid. The objective of this work was to validate
this model comparing its results with analytical models and experimental results.
The majority of the works available in literature refers to conditions in which
the movement of the structure is forced to be sinusoidal with an imposed fre-
quency.
Nevertheless, our interests were oriented on a situation where free movement
from a non-equilibrium initial position of a mass-spring system is allowed.
However, numerical computation for forced movement of the rod were also
performed and compared with analytical model of Chen [7]. Our model proved to
calculate the properly velocity field and the fluid force, in term of added mass and
added damping.
Analysis for forced movement with an hexagonal geometry showed the for-
mation and detachment of vortices in correspondence of vertex of the hexagon.
Modified velocity fields affect the fluid force. However, added mass coefficients
are slightly higher whereas values of added damping coefficient are much higher
than the corresponding values for the cylinder. The formation and detachment of
vortex affect much more the damping term than the inertial one.
A numerical model for the free vibration in a fluid of a 1 DOG mass-spring
damped structure, coupled with Navier Stokes equations was written and vali-
dated with analytical solution for small gap. the analysis of results allowed to
verify that the gap remains the most affecting parameter on the values of added
mass and damping. Moreover, the effect of structure parameters must be evalu-
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ated. For instance, the frequency in air of the structure fair acts similarly to the
frequency of the forced movement. In fact, when the frequency in air of the struc-
ture increases keeping constant all the other parameters, the values of added mass
and added damping decrease.
Moreover, we evaluated the effect of the mass of the structure, keeping the same
frequency in air. We noticed that the effects on the added mass are almost neg-
ligible, whereas the effect on the damping ratio can vary a lot and this effect is
strengthened when the gap is smaller. This could lead to an erroneous evalua-
tion of the damping coefficient in the case of our experimental facilities whose
masses are several time smaller than Phénix assembly. Furthermore there is the
possibility, for the experimental facilitiy PISE-2C, to tend toward an overdamped
behavior due to its smaller gap (PISE-2C) and greater fluid density (NaI solution)
expected in future experiments.
Experimental test in air with the facility PISE-1A were performed in order to
find static and dynamic characteristics of the structure and calibrate instrumenta-
tions for displacement measurements. Computation of free vibration in air was
performed and showed good agreement with experimental results. From analysis
of rod behavior we can confirm that our system can be described as 1 DOG system.
Preliminary, experimental tests in water and the corresponding numerical sim-
ulation were carried out too. However numerical results are quite different from
experimental ones. In particular, the frequency calculated in water is smaller and
the added mass is much greater. Besides, numerical computation seems to agree
quite well with added mass values suggested by Chen and Chung [15]. Even if this
model is only valid for forced movement, it can give a fair order of magnitude for
the added mass. Investigations to explain the discrepancy between experimental
and numerical results are ongoing.
7.1 Future Perspectives
Future objective is to have means to understand FSI mechanism between assem-
blies in FBR core. It will allow to find the most suitable model to describe occur-
ring phenomena.
The work will continue with both the numerical and the experimental ap-
proaches. Theoretical analyses of phenomena will be performed too.
As it regards the experimental sides, some tests with liquid injection steps
are foreseen with the experimental facility PISE-1A. The liquid will be injected
perpendicularly from of one of the sides of the hexagon. The effects of the velocity
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and the time of injection on the structure behavior will be analyzed.
The same kind of test will be then realized on the apparatus PISE-2C. In the
case of free vibration one of the assembly vibrates from a non-equilibrium initial
position and interacts with the surrounding fluid and assemblies. The injection
will be provided from all the sides of the central assembly on a horizontal direc-
tion.
In the meanwhile analogous analyses will be accomplished with numerical
tools. The 2D numerical model for free rod vibration has been validated for a
single assembly. It will be used to simulate the horizontal plane of the facility
PISE-2C or the single assembly of PISE-1A with the same kind of perturbation as
the experimental tests.
Furthermore analyses of the cantilever beam behavior of the rod are envisaged.
It will be accomplished through the mono-blade supports for the experimental
tests and through a 2D+ numerical model of the code CAST3M for numerical
simulations.
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Appendix A
A.1 Variational Formulation
Navier-Stokes are solved via a finite element method. The variational formula-
tion is obtained multiplying the continuity and NS equations (eq. 3.3) for testing
functions yi and p. These equations are then integrated on the fluid domain W.
Z
W
p
¶ui
¶xi
dW= 0 8p 2 L2
Z
W
yifr¶ui¶t|{z}
M f
+r(u j w j)¶ui¶x j| {z }
Ac
+
¶p
¶xi|{z}
Ap
  ¶
¶x j
µ

¶ui
¶x j
+
¶u j
¶xi

| {z }
Aµ
g dW= 0
8yi 2 L2 et ui 2H2
(7.1)
L2(W) is the space of functions defined on W and square integrable.
Hm(W) is the space of functions defined on W and whose derivatives up to
order m are square integrable.
These equations are then integrated by parts on domainW and Green-Ostrogradsky
theorem is applied respectively for viscous stresses and pressure constraints.
Pressure Constraints
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Mp =
Z
W
yi
¶p
¶x j
dW
=
Z
W
¶yip
¶x j
dW 
Z
W
p
¶yi
¶xi
dW
=
Z
G
yipni dG| {z }
Fp
 
Z
W
p
¶yi
¶xi
dW| {z }
Ct
8yi 2H1 et p 2 L2
(7.2)
Viscous Stresses
Mv =
Z
W
yi
¶
¶x j

µ

¶ui
¶x j
+
¶u j
¶xi

dW
=
Z
W
¶
¶x j

yiµ

¶ui
¶x j
+
¶u j
¶xi

dW 
Z
W
µ(
¶ui
¶x j
+
¶u j
¶xi
)
¶yi
¶x j
dW
=
Z
G
yiµ

¶ui
¶x j
+
¶u j
¶xi

n j dG| {z }
Fv
 
Z
W
µ

¶ui
¶x j
+
¶u j
¶xi

¶yi
¶x j
dW| {z }
Av
8yi et ui 2H1
(7.3)
A.2 Incremental projection algorithm
This algorithm is used for the time discretization of NS equations. It was proposed
by Guermond [13] and is valid for case with constant density.
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8>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>:
r(u˜n  u˜n 1)
Dt
+r(u˜n 1  w˜n 1)Ñ u˜n+ 1
2
ru˜n div u˜n 1 µDu˜n =
= f n  Ñ (2pn 1  pn 2) (an)
u˜nj¶W = bn: (bn)
div (Ñln) =
r
Dt
div u˜n (cn)
n:unj¶W = n:bn (dn)
pn = pn 1+ln (en)
(7.4)
A.3 Newmark Algorithm
mx¨n+ kxn = f n
k˜ = k+
4m
Dt2
+
2c
Dt
dx=

f n+ f n+1 2kxn+ 4m
Dt
x˙n

=k˜
xn+1 = xn+dx
x˙n+1 =
2
Dt
(xn+1  xn)  x˙n
x¨n+1 =
1
m
( f n+1  kxn+1)
f n+1 =
Z
¶W
yipnidA+
Z
¶W
yiµ(
¶ui
¶x j
+
¶u j
¶xi
)n jdA 8yi
(7.5)
A.4 Stability of the algorithm
To assure the non-divergence of the computation the energy balance was checked
in the system.
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The energy of the structure at time step n is:
EnS =
1
2
m (x˙n)2+
1
2
k (xn)2
The variation of the energy of the structure between two time steps is:
EnS  En 1S =
1
2
m (x˙n)2+
1
2
k (xn)2+
1
2
( f n+ f n 1)(xn  xn 1)
The kinetic energy of the fluid in a moving mesh is:
d
dt
(Ecf) =
Z
W
1
2
r

du˜2
dt
  w˜Ñu˜2

dW (7.6)
To show that the total mechanical energy is bounded we try to limit the ki-
netic energy of the fluid associated with the variational formulation and algorithm
projection used.
In fact, on the continuous problem, it is easily shown that the total mechanical
energy is limited by utilizing the fact that divu= 0 at any point W . This is
no longer true in the case of a variational formulation, where
Z
W
pdivu dV= 0 .
The kinetic energy linked to the numerical scheme for the fluid (variational
formulation and incremental projection algorithm) is obtained by multiplying the
equation of momentum for 2Dt un and integrating over W.Z
W
 
2u˜nr(u˜n  u˜n 1) 2Dtru˜nw˜n 1Ñ u˜n dV| {z }
A
=
= 
 
2Dt
Z
W
ru˜nu˜n 1Ñ u˜n dV+2Dt
Z
W
r
ju˜nj2
2
div u˜n 1 dV
!
| {z }
B
+
+ 2µDt
Z
W
u˜nDu˜n dV| {z }
C
+ 2Dt
Z
W
u˜n f n dV| {z }
D
  2Dt
Z
W
u˜nÑ pn dV| {z }
E
so: A= B+C+D E.
The total mechanical energy of the system is written:
Emt =
1
2
m((x˙n)2  (x˙n 1)2)+ 1
2
k((xn)2  (xn 1)2)+A=
=
1
2
m((x˙n)2  (x˙n 1)2)+ 1
2
k((xn)2  (xn 1)2) B+C+D E
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It is required to limit Emt .
1. If s=
p
r= const and using the identity: 2a(a b) = a2+(a b)2 b2
we obtaine:
A= ksu˜nk2o+
s(u˜n  u˜n 1)2o su˜n 12o Dt ZW w˜n 1Ñ jsu˜nj2 dV
2. the term B is reworked by using the fact that we know uG on the borders.
B= Dt
Z
W
r
h
u˜n 1Ñ ju˜nj2+ ju˜nj2 Ñ u˜n 1
i
dV= Dt
Z
W
rdiv ju˜nj2 u˜n 1 dV=
= Dt
Z
G
r ju˜nj2 u˜n 1n dS= Dtr ju˜nj2 u˜n 1
Z
G
n dS= 0.
The structure is non-deformable, so the velocity of the fluid on the structure,
which is the velocity of the structure is constant G. The last integral is
therefore zero.
B= 0
3. The relation u˜G = 0 is used for fixed borders.
C = 2µDt
Z
W
div fu˜nÑ u˜ng dV+2µDt
Z
W
(Ñ u˜n)2 dV=
= 2µDt
Z
G
u˜nÑ u˜nn dS| {z }
6=0
+2µDt kÑ u˜nk2o.
There is a kinetic energy term due to viscous friction on the border.
C = 2nDt kÑsu˜nk2o 2nDt
Z
G
Ñ jsu˜nj2 n dS
4. D can be easily bounded by integrating in time:
D= 2Dt
Z
W
un f n dV
5. It follows the analysis in the term E:
E = 2Dt
Z
W
u˜nÑ (2pn 1  pn 2) dV
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The equation (7.4 bn) is multyplied by 2
Dt2
r
Ñ (2pn 1  pn 2) and, notic-
ing that 2pn 1  pn 2 = pn  (ln ln 1) , it is obtained :
2Dt
Z
W
un(2pn 1  pn 2) dV 2Dt
Z
W
u˜n(2pn 1  pn 2) dV| {z }
E
+
+2
Dt2
r
Z
W
ÑlnÑ

pn  (ln ln 1) dV= 0.
Using the relations uG = 0 and divu
n = 0 :
2Dt
Z
W
un(2pn 1  pn 2) dV= 2Dt
Z
G
un(2pn 1  pn 2)n dS| {z }
=0
+
 2Dt
Z
W
(2pn 1  pn 2)divun dV| {z }
=0
= 0.
So : E+
Dt2
r
Z
W
2Ñ pn(Ñ pn  Ñ pn 1) dV+
 Dt
2
r
Z
W
2Ñln(Ñln  Ñln 1) dV= 0.
hence E+Dt2
 Ñ pns
2
o
 Dt2
" Ñln  Ñln 1s
2
o
 
 Ñln 1s
2
o
#
= Dt2
 Ñ pn 1s
2
o
.
From (B) we can deduce: Dt2
 Ñln 1s
2
o
=
s(un 1  u˜n 1)2o.
Searching bn 1 from bn we obtain:
r
Dt

(un un 1)  (u˜n  u˜n 1)+ Ñln  Ñln 1 = 0
Then we multyply by 2Dt(un un 1) and integrate over W.s(un un 1)2o+s(un un 1) s(u˜n  u˜n 1)2o s(u˜n  u˜n 1)2o = 0.
(D) give also :
Dt2
 Ñln  Ñln 1s
2
o
=
s(un un 1) s(u˜n  u˜n 1)2o.
Combining the last two relations we obtain:
Dt2
 Ñln  Ñln 1s
2
o
=
s(un un 1)2o s(u˜n  u˜n 1)2o.
This leads to:
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E+Dt2
 Ñ pns
2
o
+
s(un 1  u˜n 1)2o+s(un un 1)2o s(u˜n  u˜n 1)2o =
= Dt2
 Ñ pn 1s
2
o
.
Substituting the term E in the inequality we obtain:
ksu˜nk2o+Dt2
 Ñ pns
2
o
+2µDt kÑ u˜nk2o 
su˜n 12o+Dt2 Ñ pn 1s
2
o
(7.7)
The last expression gives the condition for the stability.
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